Fast sensing of double-dot charge arrangement and 
spin state with an rf sensor quantum dot 
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Single-shot measurement of the charge arrangement and spin state of a double quantum dot are 
reported, with times down to 100 ns. Sensing uses radio-frequency reflectometry of a proximal 
quantum dot in the Coulomb blockade regime. The sensor quantum dot is up to 30 times more 
sensitive than a comparable quantum point contact sensor, and yields three times greater signal to 
noise in rf single-shot measurements. Numerical modeling is qualitatively consistent with experiment 
and shows that the improved sensitivity of the sensor quantum dot results from reduced screening 
and smaller characteristic energy needed to change transmission. 

PACS numbers: 



Experiments on few-electron quantum dots [T , includ- 
ing spin qubits, have benefitted in recent years from 
the use of proximal charge sensing, a technique that al- 
lows the number and arrangement of charges confined in 
nanostructures to be measured via changes in conduc- 
tance of a nearby sensor to which the device of inter- 
est is capacitively coupled [2, 3 . Quantum point con- 
tacts (QPCs) have been widely used as charge sensors, 
allowing, for instance, high-fidelity single-shot readout 
of spin qubits via spin-to-charge conversion "F . Sin- 
gle electron transistors (SETs) based on metallic tunnel 
junctions, and gate defined sensor quantum dots (SQD), 
conceptually equivalent to SETs, have also been widely 
used as proximal sensors, and provide similar sensitivity 
and bandwidth [BHS]- As a typical application, measur- 
ing the state of a spin qubit via spin-to-charge conversion 
involves determining whether two electrons in a double 
quantum dot are in the (1,1) or the (0,2) charge con- 
figuration, where (left, right) denotes occupancies in the 
double dot [Fig. 1(a)], on time scales faster than the spin 
relaxation time |5j . 

In this Communication, we demonstrate the use of a 
sensor quantum dot for fast charge and two-electron spin- 
state measurement in a GaAs double quantum dot, bi- 
ased near the (1,1)- (0,2) charge transition. We compare 
the performance of the SQD to conventional quantum 
point contact (QPC) sensors for dc and radio-frequency 
(rf) measurement. We find experimentally that the SQD 
is up to 30 times more sensitive, and provides roughly 
three times the signal to noise ratio (SNR) of a compara- 
ble QPC sensor for detecting the charge arrangement and 
spin state of a double quantum dot. Numerical simula- 
tions, also presented, give results consistent with exper- 
iment and elucidate the role of screening in determining 
the sensitivity of these proximal charge sensors. 

Double quantum dots with integrated sensors are de- 
fined by Ti/Au depletion gates on a GaAs/Alo.sGao.rAs 
heterostructure with a two-dimensional electron gas 
(density 2 x 10^^ m-^ mobility 20 mVVs) 100 nm be- 



low the surface. The charge state of the double quantum 
dot is controlled by gate voltages Fl, [see Fig. 1(a)]. 
Three gates next to the right dot form the SQD, which 
is operated in the multi-electron Coulomb blockade (CB) 
regime, with center gate voltage setting the SQD en- 
ergy. A single gate next to the left dot forms a QPC 
sensor (denoted QPCl) whose conductance is controlled 
by gate voltage Vqi. A second QPC sensor (QPC2) re- 
sults when the center and top gate voltages of the SQD 
are set to zero, with only the bottom gate set to Vq2' 

Measurements were carried out in a dilution refrig- 
erator at electron temperature ~ 150 mK, configured 
for high-bandwidth gating, rf reflectometry and low- 
frequency (dc) transport. Low-frequency conductance 
was measured using a voltage bias of ~ 50 jiV at 197 
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FIG. 1: (Color online) (a) Micrograph of lithographically 
identical device. Gate voltages Vl and Vr control the dou- 
ble dot charge state (A^l,A^r) (see Fig. [2]). Quantum point 
contact QPCl (blue, dashed) controlled by gate voltage Vqi, 
sensor quantum dot (SQD) (red, solid), by plunger gate Vb, 
can also be operated as a point contact (QPC2) (black, solid) 
apply gate voltage Vq2 to the bottom gate with top two 
grounded. QPCl (2) and SQD measured by dc transport in 
first device. SQD measured by rf reflectometry in subsequent 
cooldown of second identical device, (b) DC conductance, 
of QPCl, 2 (left scale) and SQD (right scale) as a function of 
gate voltage changes AVd, A Vqi, and AVq2. 
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FIG. 2: (Color online) (a) Sensor quantum dot (SQD) dc con- 
ductance ^ as a function of voltages Vl and Vr, with charge 
occupancy (A^l, A^r) indicated. Note the large relative change 
in conductance, /S.g/g ^ 0.9 as double dot switches from (0,2) 
to (1,1). (b) QPC2 conductance shows a small {Ag/g ^ 3%) 
change as the dot switches from (0,2) to (1,1). A similar value 
is seen for QPCl (not shown), (c, d) Cuts through (a), (b) 
respectively. All data is for Device 1. 



Hz with a lock-in time constant of 100 ms. Two nomi- 
nally identical devices were measured and showed similar 
behavior. In the first device, dc sensing was measured in 
QPCl, QPC2 and the SQD, along with single-shot rf 
reflectometry data for QPCl. The single-shot data for 
QPCl in this device was discussed in detail in Ref. [5^. 
In the second device, single-shot rf reflectometry for 
the SQD was measured. 

Conductance of the SQD shows CB peaks as a func- 
tion of plunger gate voltage, AFd, while conductances of 
QPCl and QPC2 decrease smoothly, with ~ lOx lower 
maximum slope, as gate voltages AVqi(Q2) are made 
more negative [Fig. 1(b)]. The greater slope of the SQD 
conductance versus gate voltage, compared to the QPC, 
is closely related to its higher sensitivity as a charge sen- 
sor (though not quantitatively, as lever arms to gates and 
dots differ). With Vb set on the side- wall of a CB peak, 
dc conductance of the SQD as a function of Vi, and V^i 
indicates the charge state of the double dot [Fig. 2(a)]. 
Parasitic gating of the SQD is compensated by trimming 
Vd and Vq2 as and Vr are swept, to keep the SQD 
conductance roughly constant on plateaus of fixed dou- 
ble dot charge arrangement. SQD conductance, centered 
around g = (^(i,i) + ^(o,2))/2 0.2 e^h, changes by 
A^SQD ^ 0.2 e^/h when the double dot charge arrange- 
ment changes from (0,2) to (1,1) (Fig. 2(c),. Figure 
2(d) shows corresponding [13 changes in QPC2 conduc- 
tance, which changes by A^qpc2 ^ 0.01 e^/h around 
g ~ 0.3 e^/h for the same charge rearrangement, consis- 
tent with values in the literature. The ratio of conduc- 
tance changes, A^sqd/A^qpc2 ^ 30, is a measure of the 



relative sensitivity of SQD and QPC2 to the double dot 
charge state. 

To demonstrate fast measurement of a spin qubit via 
spin-to-charge conversion, the SQD is configured as the 
resistive element in an rf reflectometry circuit |12], fol- 
lowing Ref. [5], and biased via Vd on the sidewall of a 
CB peak. The reflected rf amplitude, Vrf, tracks SQD 
conductance. Gate pulses applied to and Vr first pre- 
pare the ground state singlet in (0,2), then separate the 
spins by moving to point S, deep in (1,1), for a time 
rs = 1 — 200 ns [14 , allowing precession between (1, 1)5 
and (1, l)To driven by hyperfine fields, then move to the 
measurement point M in (0,2) for r^^^ = 5 /is (Fig. 2(a) 
and Ref. [5]). At M, only the singlet configuration of the 
two spins can rapidly move to the (0,2) ground state; spin 
triplets remain trapped in (1,1) for the spin relaxation 
time [5]. 

With rf excitation applied to the SQD only during the 
measurement interval at point M, the reflectometry sig- 
nal, Vrf, is digitally integrated over a subinterval of du- 
ration tm to yield a single-shot measurement outcome 
Frf- From histograms of 3 x 10^ V^f measurements (with 
0.7 mV binning), probabilities, P, of single-shot out- 
comes can be estimated for each value of tm- As seen in 
Figs. 3(a,b), measurement noise decreases with increas- 
ing integration time, allowing distinct peaks — indicating 
singlet [i.e., (0,2)] and triplet [i.e., (1,1)] outcomes — 
to be distinguished for tm > 100 ns. The difference 
between singlet and triplet output voltages, the signal 
AV = V^J - Vf^ reflects the rf sensitivity of the SQD to 
the single-charge motion from (1,1) to (0,2). 

Experimental P(Vrf) curves for the SQD are in good 
agreement with theoretical models [5 , as shown in 
Fig. 3(b). Fits of the model give values for the spin re- 
laxation time, Ti = 13 /is, the mean triplet probability, 
(Pt) = 0.46, the peak width, drf, and the peak posi- 
tions, and V^ . The resulting signal to noise ratio, 
SNR = Ay/cTrf is shown in Fig. 3(c) as a function of 
Tm, along with the SNR for QPCl. A direct comparison 
must take into account that the SQD data in all panels 
of Fig. 3 used -99 dBm applied rf power (~ 0.15 mV), 
while the QPCl data in Fig. 3(c) used -89 dBm applied rf 
power (~ 0.45 mV), values chosen to maximize the SNR 
for each. For both QPCl and SQD, the output signal 
AV saturated at higher powers, due in part to broaden- 
ing of the conductance features due to heating and finite 
bias. 

SNR for both the SQD and QPCl improve with in- 
creasing integration time, as shown in Fig. 3(c). Fit- 
ting the measured SQD signal t o noise ratios to the 
form = AV/drf , with = cro\/l/is/(rM + tq), yields 
an intrinsic integration time, tq = 190 ns, due to the 
~ 1.5 MHz bandwidth of the reflectometry circuit, a 
signal, AVsQD = 33 mV, and a characteristic width, 
(Jo = 5 mV, the measurement noise for one microsec- 
ond total integration time. The ratio AV/ao represents 
a characteristic SNR, which is 6.6 for this SQD. A similar 
measurement of the characteristic SNR for QPCl, at 10 
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FIG. 3: (Color online) (a) Probability density P of single-shot 
outcomes, Vd, (0.7 mV binning) as a function of integration 
time, Tm, of the rf - charge signal Vrf [H]. Measured with 
SQD, Device 2. The left [right] peak corresponds to the (0,2) 
[(1,1)] charge state and therefore singlet [triplet] measurement 
outcomes [5 . (b) Cuts of Vri along the dashed lines in (a), 
along with theoretical curves [5]. (c) Signal to noise ratio 
(SNR), defined as peak separation AV divided by peak width 
cr as a function of measurement integration time tm for QPCl 
(Device 1, -89 dBm rf power) and SQD (Device 2, -99 dBm 
rf power), along with theory curves (see text). 



dB higher applied rf power, yields a value 2.2 [15^, with 
AI/qpci 10 mV and ctq = 4.5 mV. 

For both SQD and QPCl, analysis [TT predicts sig- 
nals, AF, consistent with measured values, and widths, 
(Jo, due to shot noise that are considerably lower than 
the measured peak widths. Specifically, ctq ~ 1.5(3) mV 
and - 3 mV are expected for SQD (QPCl) [H]. This is 
roughly one tenth (half) of the total noise for the SQD 
(QPCl). The remaining measurement noise for both sen- 
sors is due to charge-, gate- and instrumentation noise, 
predominantly from the cryogenic amplifier [121118]. We 
conclude, based on the single-shot data, that the mea- 
sured SQD offers improved SNR compared to a a com- 
parable QPC sensor, SNRsqd/SNRqpci ~ 3. The im- 
provement is not as large as the relative improvement 
in sensitivity at dc, A^sqd/A^qpci ^ 10, mainly due 
to a lower rf power saturation of the SQD SNR and the 
experimental noise floor of the measurement setup. 

To investigate QPC and SQD performance numeri- 
cally, we consider the sensitivity, 5, as the change in 
conductance in response to a change in voltage, either 
applied to a gate or arising from a charge rearrange- 
ment. Modeling the specific device geometry, for QPCl, 
5QPC = = aff^a^' w^^^^ ^sp is the electrostatic 
potential at the saddle point of QPCl. For the SQD, 
5SQD = = d^^&Vh' where ^dot is the electrostatic 
potential in the center of the SQD. 

For the QPC, the conductance, ^, and its derivative 
with respect to potential, is calculated as a thermal aver- 
age over the transmission probability, following Ref. [19] . 
The width of the riser between conductance plateaus 
scales as f = ^yh?Ux/2m, where Ux is the curvature of 



the saddle potential in the direction of the current. The 
self-consistent calculation presented below yields E ~ 0.2 
meV, an order of magnitude greater than ksT. Thus the 
riser width is roughly independent of temperature. The 
SQD conductance is modeled by a master equation [20^ 
assuming transmission via a single orbital level in the dot. 
This approach is applicable, given the single-particle level 
spacing is large, ~ 200 /ieV, but is only valid for small 
tunneling rate, 7, from the dot to the leads, such that 
^7 ^ ksT. In the experiment, a larger coupling is used, 
such that hj ~ ksT. This gives rise to some quantita- 
tive discrepancy between the model and the experiment, 
but the qualitative comparison between SQD and QPC 
performance remains valid. 

The lever-arm terms in the definitions of sensitivity, 
d(l)/dVD for the SQD and S^/SVqi(2) for the QPCs, de- 
pend on positions of nearby conductors that screen the 
interaction between source of the voltage and the po- 
tential at the target point. For QPCl (2), a change of 
]/qi(Q2) is screened as charge in the leads of the QPC 
flow in or out of the saddle region and opposes the change 
of ^sp caused by the gate voltage change. In contrast, 
the SQD lever arm is primarily determined by screening 
from other gates, rather than the 2DEG itself because 
the dot is isolated by tunnel barriers and the charge is 
fixed by CB. Numerical calculation below gives a lever 
arm that is typically ^ 20 times greater for an SQD than 
for a QPC. Thus 2DEG screening substantially influences 
sensor response. 

Conductances of the SQD and QPCs are calculated us- 
ing the SETE code EH HI], which simulates the 3D elec- 
tronic structure of the device within the effective-mass 
local-density-approximation to density functional theory. 
The calculation produces the total free energy of the SQD 
as a function of Vd and enabling a calculation of the 
conductance in the single- level CB regime [23^. Figure 
4(a) shows a plot of the calculated SQD conductances, 
and their difference, between the cases where the dou- 
ble dot charge is held in the (0,2) and (1,1) states, as a 
function of gate voltage offset AVd- For this calculation, 
the ratio hj/ksT is set to unity, based on experimental 
peak conductance values [Fig. 1(b)]. We note, however, 
that the fractional change of conductance, Ag/g^ across 
the transition from (0,2) to (1,1) does not depend on 
hj/ksT. For QPCl, the evolution of the potential pro- 
file with varying Vqi is calculated with SETE. The (1,1) 
and (0,2) conductances in Fig. 4(b) are evaluated by solv- 
ing the transverse Schrodinger equation in slices through 
the QPC and evaluating a ID WKB expression for the 
transmission. 

In the experiment, Vd and Vqi are not swept, rather 
they are held at their most sensitive point and the con- 
ductance (through QPC or SQD) is allowed to change 
due to the change in double dot state. The most sen- 
sitive points of the sensors are at the extrema of A^. 
Here, the ratio \Ag\/g is ~ 1.4 for the SQD and ~ 0.1 
for QPCl, roughly consistent with experiment. 

A color scale plot of the 2D electron density for typical 
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FIG. 4: (Color online) (a) Conductance (simulation) through 
the SQD as function of the gate voltage Vd , for the two double 
dot charge-states (1,1) and (0,2). (b) Conductance through 
QPCl at 5 mV intervals (lines are guide to the eye), (c) 
Electron density profile for typical gate voltages in the (1,1) 
configuration, with superimposed micrograph of device. The 
color scale is centered near 2.5 x 10^°cm~^ to accentuate the 
charge in the dots and the saddle point of QPCl. 

gate voltages is shown in Fig. 4(c). 

In conclusion, by taking advantage of the increased 
sensitivity and SNR of a sensor quantum dot in the 



CB regime (compared to a proximal QPC), we have 
demonstrated single-shot spin-to-charge readout of a few- 
electron double quantum dot in ~ 100 ns with SNR ~ 3 
(Fig. 3), representing an order of magnitude improvement 
over previous results [5 . Numerical simulation based on 
density functional theory yields good qualitative agree- 
ment with experiment, and elucidates key differences be- 
tween a quantum dot and a QPC as a proximal charge 
sensor. Reduced screening and smaller characteristic en- 
ergy needed to change transmission in the quantum dot 
compared to the QPC are responsible for its improved 
performance. 
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